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Silicon is a long-standing candidate for replacing graphite as the active material in negative electrodes for Li-ion batteries, due to
its signiﬁcantly higher speciﬁc capacity. However, Si suffers from rapid capacity fading, as a result of the large volume expansion
upon lithiation. As an alternative to pure Si electrodes, Si could be used, instead, as a capacity-enhancing additive in graphite
electrodes. Such graphite–Si blended electrodes exhibit lower irreversible-charge losses during the formation of the passivation
layer and maintain a better electronic contact than pure Si electrodes. While previous works have mostly focused on the Si
properties and Si content, this study investigates how the choice of graphite matrix can alter the electrode properties. By varying the
type of graphite and the Si content (5 or 20 wt%), different electrode morphologies were obtained and their capacity retention upon
long-term cycling was studied. Despite unfavorable electrode morphologies, such as large void spaces and poor active-material
distribution, certain types of graphites with large particle sizes were found to be competitive with graphite–Si blends, containing
smaller graphite particles. In an attempt to mitigate excess void-space and inhomogeneous material distribution, two approaches
were examined: densiﬁcation (calendering) and blending in a fraction of smaller graphite particles. While the former approach led
in general to poorer capacity retention, the latter yielded an improved Coulombic efﬁciency without compromising the cycling
performance.
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In the pursuit of ever higher energy densities for lithium-ion
batteries (LIB), each component in the cell has to be continuously
evaluated and optimized. Even if the largest improvements are
expected from new positive-electrode materials with higher operating potentials and higher capacities, substantial improvements are
possible on the negative-electrode side as well.1 An obvious
parameter is the electrode capacity, which can be improved by
substituting the standard active material, graphite, partly or fully
with alternative materials, possessing higher speciﬁc charge, for
instance Si,2–6 Sn7 or SnO2.8 However, while the theoretical speciﬁc
charge of these materials is promising, they generally lack stability
in terms of capacity retention when used in their pure form.9
Therefore, a partial substitution of graphite seems to be more
realistic and, according to recent energy-density estimations,10
sufﬁcient to signiﬁcantly increase the energy density of state-ofthe-art batteries on the cell level.
Blends of graphite and Si offer a good compromise between the
inherently unstable Si11,12 and the reliable graphite electrode.13–15
The speciﬁc charge can theoretically range from 372 mAh g−1
(100% graphite) to 3578 mAh g−1 (100% Si; Li15Si4), and can be
tuned to be optimal for the targeted application. Even small amounts
of Si can increase the electrode capacity considerably (e.g., 5 wt% Si
increase the capacity by approx. 170 mAh g−1). We note that
compared to other “Si/C” or “Si/Gr” composite electrodes6 that are
reported in literature, the active material mixtures discussed here are
blends of graphite and Si powders (referred to as graphite–Si blends
in the following) and are used without further modiﬁcation.
The addition of Si is associated with the usual problems of
unstable interfaces16–19 and loss of electrical contact20,21 due to the
substantial volume changes of Si during the alloying reaction.22 By
keeping the Si content low, the volume expansion can be buffered
largely by the void space between the much larger graphite
particles.23 Unlike neat Si electrodes, which require rather large
amounts of conductive additive, the electrical conductivity of these
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graphite electrodes with low Si contents is improved drastically due
to the large fraction of graphite particles, as is obvious from the
reduced voltage hysteresis.15 Nonethesless, in the presence of Si the
issue of an unstable electrode–electrolyte interface remains. As a
consequence, considerable consumption of the electrolyte additive
ﬂuoroethylene carbonate (FEC) has been observed in several
studies.8,24–26
We have recently investigated the impact of the Si content in
these electrodes on cycle life, using 5–20 wt% Si.15 In this previous
study, small graphite particles (d90 < 6.9 μm) were used, which
overall led to a good dispersion as long as the Si content remained
below 10 wt%. Graphites of small particle size are commonly used
as conductive additives in battery electrodes, in addition to carbon
blacks, and are typically not the main active material.27 For the
negative electrode this is motivated by the higher surface area of
smaller particles, which inevitably results in larger irreversible
losses during SEI formation.28,29 Despite its particle size and
particle-size distribution, each sort of graphite thus comes with a
unique set of physical properties that need to be taken into account,
when selecting the active material for a graphite–Si blend.30 Several
previous works have demonstrated that the morphology of graphite–Si electrodes is greatly affected by the Si content.15,23,31
Therefore, the aim of the present study is to investigate the
impact of different types of graphites on the electrochemical
performance of graphite–Si electrodes. Our test matrix comprises
electrode formulations with four different kinds of graphite and two
different Si contents (5 wt% & 20 wt%). We will show how different
graphite properties result in different cycling behavior and how the
particle size affects electrode morphology and performance.
Experimental
Materials.—All materials were used as received, unless stated
otherwise. The graphites KS6L, SFG6L, SFG44 and Actilion1, as
well as the conductive additive Super C45, were provided by Imerys
Graphite & Carbon (Bodio, Switzerland). Silicon nanoparticles
(30–50 nm) were purchased from Nanostructured & Amorphous
Materials Inc. (Houston, USA). A binder mixture, containing
carboxymethylcellulose sodium salt (CMC-Na, Alfa Aesar) and
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polyacrylic acid (PAA, 25 wt% aqueous solution, Mw = 240,000,
Aldrich), was used in all electrode formulations. Circular electrodes
with 13-mm diameter were punched out of a lithium foil (99.9%,
700 μm, Alfa Aesar) and stored in an Ar-ﬁlled glovebox. Nonwoven
glass-ﬁber separators (EUJ 116, Hollingsworth & Vose, UK) were
dried overnight at 120 °C under vacuum before being placed in a
glovebox. The electrolyte in this study was a solution of 1 M LiPF6
in ethylene carbonate (EC) and dimethylcarbonate (DMC) (v/v =
1:1) (LP30, BASF) and 4 wt% of ﬂuoroethylene carbonate (FEC,
BASF).
Electrode preparation.—Electrode slurries were prepared in
batches of 2 g (for each KS6L and SFG6L) and 3 g (for SFG44
and Actilion 1), respectively. The electrode components (for details,
see Table I) were gradually added to a 10-ml vial and mixed using an
ultra turrax (IKA Ultra Turrax T25), set to a speed between 15,000
and 16,000 rpm.
Electrode preparation with a CMC-Na:PAA (1:1) binder mixture.—CMC-Na (2 wt%) and PAA (2 wt%) were ﬁrst added to 1.5 g
of an water:ethanol mixture (w/w = 70:30) until the CMC-Na
powder was completely dissolved. Then carbon black (1 wt%) was
added and blended with the binder solution for 2 min. In the next
step, silicon nanopowder (5–20 wt%) with additional 1–1.5 g of the
water:ethanol solution was added. The slurry was homogenized for
another 2 min. Lastly, graphite (75–90 wt%) was added in two
batches together with 0.5–1 g of the water:ethanol solution and
stirred for 2 min after each addition. Adjustments to the slurry
viscosity were made by adding small quantities (<300 μl) of the
water:ethanol solution and mixing for another minute. For reference
measurements, graphite electrodes containing no silicon were also
prepared, following the general procedure described above. The
slurries were left to degas for at least 30 min before they were cast
onto Cu-foil (22-μm thickness, Schlenk Metalfolien, Germany). The
coating was dried brieﬂy under ambient conditions and then treated
at 150 °C under reduced pressure for 2 h. The electrodes were then
cut into circular discs of 13-mm diameter and then further dried
overnight in the glovebox antechamber in vacuum at 120 °C.
Calendering electrodes.—The calender (Siemens) was operated
at a roll temperature of 40 °C. The gap between roll and substrate
was decreased from 100 μm to 60 μm in three steps. The sample
thickness was checked after each step. The roll was pressurized to
4 bar with compressed air (higher pressures of up to 7 bar did not
yield higher densities).
Cell assembly and electrochemical tests.— Cell assembly.—All
potentials are referred vs Li+/Li. Two-electrode half-cells were
assembled in an in-house coin-type cell design.32 The three glassﬁber separators, soaked with 500 μl of electrolyte (LP30 + 4 wt%
FEC), were sandwiched between the electrodes. The cells were then
closed with a constant torque of 15 Nm using a torque wrench.
Cell cycling in half-cells.—Regular cell cycling was carried out
with an Astrol battery cycler (Astrol Electronics AG, Switzerland) in
a temperature-controlled environment at 25 °C. The graphite–Si
electrodes were cycled between 0.005 and 1.5 V. A conditioning
cycle was carried out prior to the actual cycling test. In the ﬁrst
cycle, a rate of C/25 was applied for both lithiation and delithiation.
The constant current (CC) cycling was followed by a constant
potential (CP) step. The potential was held at the cut-off potential
until the current dropped below C/50. In subsequent cycles, the
lithiation of the working electrode was carried out at C/10 with a
current cut-off in the CP-step of C/20; for delithiation, a rate of C/3
was applied with a current-off of C/20 in the CP-step.
SEM cross-section analysis.—Pristine electrodes were prepared
by ion-milling the samples for 4 h in a Hitachi IM4000plus device at
an acceleration voltage of 4 kV (ion current approx. 120 μA). For

morphological analysis, the sample was transferred into a scanning
electron microscope (SEM, Zeiss Gemini). Electron micrographs
were recorded at an acceleration voltage of 5 kV with both the inlens and secondary electron detectors.
Results and Discussion
In this study, a range of different graphites was investigated for
their suitability to serve as a low-capacity and high-stability
component in graphite–Si electrodes. Their physical properties,
provided by manufacturer, are presented in Table II, together with
electrical-resistivity values, measured on graphite bars pressed at 2.5
t cm−2, resulting in densities as indicated. The selection includes
synthetic graphites with different particle-size distributions, where
the d-values indicate the particle size at 10, 50 and 90 wt% of the
cumulative particle mass; for example, the d50-value is the median
particle size of a sample. Accordingly, a d10-value of 1.6 μm (KS6L)
indicates that 10 wt% of the powder comprises particle sizes of
1.6 μm or smaller. The particle-size distributions of KS6L and
SFG6L graphites are similar (Table II), whereas SFG6L exhibits a
slightly higher anisomery of the particle shape.33 Graphites of small
particle size, as the ones presented here, are generally considered to
be favorable complementary conductive additives with lower
electric conductivity but higher volume density than carbon blacks.
This is because they improve conduction paths and facilitate lower
electrical resistivity of compressed electrodes.33 This property can
be beneﬁcial for the electrode blends with an initially insulating Si
fraction. The drawback of smaller particles is that they have higher
speciﬁc surface areas (SSA) and, therefore, more electroactive
surface needs to be passivated by SEI during the ﬁrst cycle. As a
result, the electrodes might suffer larger irreversible losses and,
hence, lower Coulombic efﬁciency (C.E.).29
The SSA of particles (based on the Brunauer–Emmett–Teller
(BET) multilayer adsorption model) with larger grain size (in this
study Actilion1 and SFG44) are about 10–15 m2 g−1 smaller than for
KS6L and SFG6L. Actilion1 and SFG44 can be considered standard
active materials for graphite electrodes. The ﬁne fraction (d10) of
Actilion1 is somewhat smaller than the d10-values of SFG44; i.e.,
10% of the Actilion1 powder mass is comprised of particles that are
smaller than 4.9 μm, whereas the value for SFG44 powder is 8.5 μm.
The median particle size (d50) of SFG44 is considerably larger than
that of Actilion1, by about 10 μm. This can also be seen from the
spread in particle sizes, i.e., the difference between d10 and d90. This
parameter shows that 80 wt% of the particles in SFG44 powder
exhibit particle sizes in the range from 8.5 μm to 48.4 μm (Δ =
39.9 μm), whereas for the same fraction particle sizes in the
Actilion1 powder are ranging from 4.9 μm to 28.8 μm (Δ =
23.9 μm).
In general, graphites with higher crystallinity show lower
electrical resistivity, which appears to be also the case for the
resistivities reported in Table II. The electrical conductivity, the
reciprocal of the electrical resistivity, was between 452 s cm−1
(KS6L) and 1098 s cm−1 (SFG44). This parameter might be relevant
when the electrical conductivity of the electrode is of similar
magnitude as the ionic conductivity of the electrolyte. For battery
electrolytes, the latter lies in the range of 1–20 mS cm−1 at room
temperature.34 The ionic conductivity is therefore one to three orders
of magnitude lower than the electrical conductivity and should have
little impact on the internal resistance.35 However, practical battery
electrodes contain also conductive additive and binder, in addition to
being porous. In contact with the electrolyte, the electrical conductivity can be lower.36 On the other hand, Si particles are initially
(before lithiation) poor electronic conductors and, therefore, might
beneﬁt from an electrically conducting network. In this respect, the
SFG graphites show the highest conductivities, owing to their
highest crystallinity among the graphites studied (Table II).
In our study, the graphites were used as matrices for Si with
either 5 wt% or 20 wt% Si content. KS6L, SFG44 and Actilion1
were also tested as Si-free graphite electrodes, in order to

Table I. Electrode composition.
Graphite
content /wt
%

Silicon
contenta)/wt%

CB
contentb)/wt%

Binder
contentc)/wt%

1

KS6L

95

0

1

1-cal

KS6L

95

0

1

2

KS6L

90

5

1

3

KS6L

75

20

1

3-cal

KS6L

75

20

1

4

SFG6L

90

5

1

5

SFG44

95

0

1

6

SFG44

90

5

1

7

SFG44

75

20

1

8

Actilion1

95

0

1

9

Actilion1

90

5

1

10

Actilion1

75

20

1

10-cal

Actilion1

75

20

1

SFG44:
SFG6L
SFG44:
SFG6L

90 (8:1)d)

5

1

75 (8:1)d)

20

1

4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)
4 (CMC:
PAA)

Sample

11
12

Solid fraction (slurry)/
%

Th. spec.
charge/mAh
g−1Si/G

avg. mass
loading/mg
cm−2

Areal capacity/μAh
cm−2

Electrode
density/g
ml−1

Electrode
porosity/%

32.8

372

6.67

2484.1

0.58

73

32.8

372

6.67

2484.1

1.24

43

30.4

541

6.47

3498.3

0.63

71

29.1

1046

6.16

6447.1

0.62

71

29.1

1046

6.16

6447.1

1.05

52

29.8

541

8.36

4521.0

0.60

72

31.4

372

7.09

2638.8

0.58

73

39.0

541

7.81

4223.0

0.69

69

37.9

1046

8.09

8457.8

0.69

69

50.1

372

9.34

3474.1

0.84

62

48.0

541

7.46

4034.3

0.83

62

40.0

1046

7.13

7456.4

0.91

59

40.0

1046

7.13

7456.4

1.08

51

32.4

541

6.98

3778.3

0.64

71

30.0

1046

5.64

5903.3

0.67

70

a) Si nanoparticles, 30–50 nm. b) Super C45. c) 1:1 mixture of CMC-Na and PAA. d) given in brackets is the SFG44-to-SFG6L ratio; for 90 wt% graphite contain 80 wt% SFG44 and 10 wt% SFG6L.
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Graphite
type
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Table II. Properties of electro-active materials.

Graphite
Silicon
KS6L
SFG6L
Actilion1
SFG44

d90 μm

6.5
6.7
28.8
48.4

d50 μm

3.5
3.7
13.3
24.0

d10 μm

1.6
1.8
4.9
8.5

d90-d10 μm

4.9
4.9
23.9
39.9

BET SSAm2 g−1
70–80
18.2
16.6
2.7
4.5

Crystallinity, XRDnm
Electrical resistivitymΩ·cm (@ density)
Lc (002)

c/2 (002)

71
91
124
440

0.3359
0.3357
0.3360
0.3356

N.A.a)
2.21 (@ 1.86 g/cm−3)
1.76 (@ 1.89 g/cm−3)
N.A.b)
0.91 (@ 2.03 g/cm−3)

a) no information from manufacturer. b) no graphite bars could be prepared.

demonstrate that each graphite cycles with high reversibility and
without any notable capacity loss in the chosen electrolyte formulation in the half-cells. The cycling-performance data, along with the
C.E., are provided in Fig. S-1 is available online at stacks.iop.org/
JES/167/100535/mmedia. For comparison, the cycling data of a
graphite-free Si electrode (80 wt% Si) is shown in Fig. S-2. The
cycling data of the Si-containing electrode formulations was
correlated with electrode cross-section images of the pristine
electrodes. As demonstrated in our previous work for the KS6L:Si
mixtures, the amount of Si (and the electrode preparation) can have a
profound effect on the morphology of the electrode coating and in
particular on the distribution of the active materials.15
Electrodes comprising 90 wt% graphite and 5 wt% silicon.—
The discharge capacities and corresponding C.E. are plotted in
Figs. 1a & 1b. Essentially no difference was observed in terms of
capacity retention and C.E. for graphite–Si electrodes containing
either KS6L or SFG6L (d90 < 7 μm). Interestingly, the SFG44–Si
electrode performs as well as the one with small particles, whereas
the electrode containing Actilion1 is the only electrode formulation
that shows accelerated capacity fading. All measured capacities of
the KS6L, SFG6L and SFG44 graphite–Si formulations lie around
the mean discharge capacity and within the corresponding standard
deviation (2σ), which was determined from seven individual
experiments with KS6L-Si (90:5) electrodes (Fig. S-3).
For long-term cycling, the C.E., shown in Fig. 2b, is comparatively high for Si containing electrodes (yet still too low for practical
application in full cells), which is likely a result of the presence of

FEC in the electrolyte. As a result, differences between the KS6L,
SFG6L and SFG44 formulations are insigniﬁcant, and even for the
Actilion1-containing electrode only slightly lower values are observed. The differences between the electrode formulations with
various graphites are clearly seen from the ﬁrst-cycle C.E. in Fig. 2b,
which ranges from 77.5% (Actilion1) to 88.8% (SFG44). A more
meaningful comparison is the mean ﬁrst-cycle C.E., averaged over
four experiments for each formulation (Table III). The standard
deviation for the Actilion1–Si electrode is larger than for the others.
However, even though the mean C.E. of the Actilion1–Si electrode
is slightly higher than the one of the cell displayed in Fig. 1b, this
formulation still exhibits the lowest C.E. among the four compositions examined. In general, a higher C.E. would be expected from
electrodes containing larger graphite particles,37 SFG44 and
Actilion1, due to the smaller SSA of the main active-material
component (Table III). In a previous study by our group, a
KS6–Si and a SLP30–Si blend (4.75 wt% Si) were also found to
show similar capacity fading behaviors.38 In accordance with the
results reported herein, the C.E. of the SLP30–Si blend (SSA
(SLP30) = 7.5 m2g−1) was higher than that for the KS6–Si blend
that exhibited a larger SSA. As can be also seen in Table III, Si and
graphite contribute nearly equally to the total SSA in these two
cases, despite a large difference in their amounts. For the smaller
graphite particles, KS6L and SFG6L, Si is responsible for merely
≈20% of the total SSA. This correlation between SSA and C.E.
applies to the SFG graphites and KS6L, but not to Actilion1. SFG44
displayed the highest reversibility on the ﬁrst cycle, followed by
SFG6L and KS6L, which exhibit similar C.E. values. Surprisingly,

Figure 1. Discharge capacities (a) and corresponding Coulombic efﬁciencies (b) of graphite–silicon electrodes comprised of 90 wt% graphite (KS6L, SFG6L,
SFG44, Actilion1) and 5 wt% Si (30–50 nm). In the legend of a) the active material loading of the electrode is provided.
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Figure 2. SEM cross-section images of graphite–Si (w/w = 90:5) electrodes containing KS6L (a), SFG6L (b), SFG44 (c) and Actilion1 (d) as graphite
component.

Actilion1–Si has the lowest C.E., despite the graphite having the
lowest SSA among all the graphites used in this study. The reason
for this is unclear, but the observation is consistent with the rapid
capacity fading. As will be discussed below, the poor performance
could be related to the electrode morphology of the Actilion1–Si
blend.
Regarding the use of FEC, it should be noted that the consumption of the electrolyte additive is strongly dependent on the active

material content (and consequently the electrode loading) of the
expanding alloying or conversion material,8,15 and (absolute) FEC
content,24,25 which correlates with electrolyte volume39 used. The
speciﬁc active material contents of the electrode formulations shown
in Figs. 1 and 3 (5 wt% Si and 20 wt% Si) are provided in the legend
(panel a). The results of Fig. 3 are discussed below. With respect to
active material content there is one outlier in Fig. 1, the SFG6L
formulation. The higher mass loading of this electrode leads to a
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Table III. Electrode composition and properties.
Sample
2
4
6
9

Graphite type:Si

Graphite:Si

SSAgraphite m2 g−1coating

SSASia) m2 g−1coating

Total SSA m2 g−1coating

KS6L:Si
SFG6L:Si
SFG44:Si
Actilion1:Si

90:5
90:5
90:5
90:5

16.38
14.94
4.05
2.43

3.75
3.75
3.75
3.75

20.13
18.69
7.80
6.18

C.E., 1st cycleb)
0.826
0.828
0.899
0.815

(±0.015)
(±0.017)
(±0.017)
(±0.063)

a) assuming a SSA of 75 m2g−1. b) mean C.E. and standard deviation (1σ) determined in four experiments.

Figure 3. Discharge capacities (a) and corresponding Coulombic efﬁciencies (b) of graphite–silicon electrodes comprised of 75 wt% graphite (KS6L, SFG6L,
SFG44, Actilion1) and 20 wt% Si (30–50 nm). In the legend of a) the active material loading of the electrode is provided.

visible onset of more rapid capacity fade at the end of the ﬁrst 200
cycles, which is attributed to the complete consumption of FEC in
the electrolyte. Electrodes with lower loadings maintain their
relatively linear capacity fade beyond the 200th cycle. We have
reported15 dependence of the maximum cycle life of the Si content
of graphite–Si blends in more detail previously.
The differential capacity (dQ/dE) vs potential (E vs Li+/Li) and
cycle number was plotted as heat maps19 (example between regular
dQ/dE plot given in Fig. S-4a) for formulations with either of the
four graphites, 0 wt% Si (Fig. S-4b) and 5 wt% Si (Fig. S-4c),
respectively. The reaction potentials of Si-free graphite electrodes
(Fig. S-4a) and corresponding formulations with 5 wt% Si (Fig. S4c) are located as distinct lines at similar potentials (the dQ/dE maps
are dominated by the graphite features, due to the high fraction of
graphite and its distinct reaction plateaus, as compared to the sloping
potential proﬁles of the amorphous Si phases). It can be noted that
the dQ/dE peaks in graphite–Si blends shift, with increasing cycle
number, towards lower potentials upon lithiation and towards higher
potentials upon delithiation. This ﬁnding is in accordance with an
increasing voltage hysteresis reported in our previous work.15 The
delithiation plateau of the crystalline Si phase at around 500 mV vs
Li+/Li12 disappears within the course of the ﬁrst 40–50 cycles.
Thereafter, it is only the amorphous Si phase that is cycled.
The morphology of electrodes with large differences in particle
size is shown in the cross-section micrographs in Figs. 2a–2d.
Electrodes containing KS6L- and SFG6L exhibited similar electrode
morphologies, where the basal plane of the anisotropic graphite
particles is aligned mainly horizontally relative to the current
collector. Because of the comparatively small particle size, the
particle packing is rather tight and no larger void spaces are present.
In general, the Si particles are well distributed within the graphite

matrix, sandwiched between the graphite particles. In few locations
the agglomerated Si forms domains of a few μm in size. By contrast,
large graphite particles create larger void spaces in the uncalendered
electrodes. In other words, the particles are packed less efﬁciently. In
these electrodes, the material distribution is inhomogeneous: the Si
fraction forms large agglomerations up to 10 μm in size. They are
thought to be detrimental to the electrode performance, because
these domains can induce local hot spots for stress within the
electrode matrix that may affect adjacent regions as well, which in
turn would promote electrode disintegration and loss of electrical
contact. According to simulations by Müller et al.,40 inhomogeneities also affect the mass transport properties and can lead to
additional overpotentials during the cell reactions. In fact, the
dilatometry experiments by Gómez-Cámer et al.38 on KS6–Si and
SLP30–Si blends show a larger relative height change for electrodes
comprising the larger-sized SLP30 graphite.
A comparison between the electrode morphologies of the two
large-size graphites is shown in the micrographs displayed in
Figs. 2c and 2d. The platelet-shaped SFG44 exhibits a high basal
and a small prismatic surface, the length and width of the basal
surface of up to 30 μm have been measured. Even if the majority of
the particles still align parallel to the current collector (basal plane
parallel to the current collector), there is typically less continuity
than in electrodes prepared with graphite types of smaller particle
size. In the Actilion1–Si electrodes, the particles appear to be
oriented more randomly, exhibiting a wider particle cross-section,
which is likely due to particles that are turned out of the horizontal
plane (the basal plane is facing the observer). This leads to a clear
change in the electrode structure. Interestingly, smaller Si agglomerates are observed than in the corresponding SFG44–Si blend. Both
particle orientation and particle size have an important role in
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maintaining pathways for electron conduction.41 The broader
particle-size distribution of SFG44 might be more favorable in this
case, as it covers a broader range of length scales for electronic
contacts. Another factor that is difﬁcult to deduce from the electrode
cross-sections alone is the electronic connection to Si domains. This
depends, on the one hand, on the contact with the surrounding
graphite matrix and the penetration of these domains with carbon
black and, on the other hand, on the ﬁne fraction of the graphite
powder. How well the materials blend might depend critically on the
way the electrode slurry is prepared and on the solidiﬁcation
behavior of the electrode coatings.
The formation of the ﬁnal electrode morphology during the
drying of the cast electrode slurry is a dynamic and complex
process.42 The pore structure of the electrode, for instance, can be
dependent strongly on the evaporation rate of the slurry solvent,
which in itself is a function of temperature and humidity.43 Particles
settle during drying and might agglomerate in the process. At the
same time binder migration can occur, changing the adhesion and
cohesion properties of the electrode coating.43,44 The sedimentation
rate was controlled by adjustments of the solvent concentration (or
the solid content of the slurry)depending on the graphite type.45 This
lead to comparatively high solid fractions in Actilion1-containing
slurries with 0 wt% or 5 wt% Si (Table I). Such high solid fractions
are typically more relevant for upscaling of electrode slurries, where
different mixing equipment changes the rheological properties of the
electrode slurry. On a laboratory scale, however, solid fractions can
be quite different, depending on the mixing method chosen; typically
they lie in the range of 20–40 wt%.14,31 As the solid fraction of the
slurry changes, so does its rheology. As a result, different electrode
morphologies develop during ﬁlm solidiﬁcation. This process is
difﬁcult to control in a laboratory setting. These parameters have a
subtle, yet vital, role in the performance of an electrode coating that
translate into different morphologies and fading rates, as observed in
the case of the Actilion1–Si formulation (Fig. 2a).
On top of the electrode preparation conditions, the choice,
amounts and properties of the slurry components (μm-sized graphite
particles, nano-sized Si and CB particles) have an inﬂuence on the
formation of the electrode morphology:
(1) As mentioned above, SFG44 has a broader particle-size
distribution than Actilion1, which could be beneﬁcial for the
interconnectivity of the active material, as a broader range of
length scales is covered by the particles. However, if the particle
size would be a parameter that comes into play, then based on
the results obtained with the small-size graphites (KS6L and
SFG6L), Actilion1 would be expected to perform better than
SFG44, as the graphite powder contains a larger fraction of
small particles. Therefore, the particle alignment and the void
space, created as the electrode coating dries, might be just as
important.
(2) Resilient, water-soluble binders are current state-of-the-art for
Si electrodes and have also been used in this work, speciﬁcally a
mixture of CMC-Na and PAA. Water-soluble binders tend to
form more resilient binder–particle networks through entanglement and cross-linking,46,47 which was demonstrated recently in
experiments by Gómez-Cámer et al.38 and Tranchot et al.48
Their low swellability in the electrolyte is another reason for the
higher resilience.49–51 Especially, when used in larger amounts
(>4–5 wt%), they can also fulﬁll an important function of
protecting electrode surface from degradation processes.19,50,52
The SEI layer composition is also subjected to changes
depending on the binder content.53 Binder interactions with
other electrode components, the active material(s) and carbon
black, has a decisive impact on the overall particle distribution
and the percolating conductive network.54–56 As surfactants,
binders tend to adsorb strongly onto nanosized materials, which
ultimately leads to changes in the mechanical properties of the
composite as a result of missing particle interconnections.

(3) Carbon black (CB) acts as conductive additive to ensure
electronic conductivity within the particle network. Its amount
was ﬁxed in this study to 1 wt%. The aggregation of CB is
determined by the binder–CB interactions and further by the
choice and amount of solvent.54,57 Both CB and Si exhibit
similarly high SSA, meaning that on some level during the
slurry preparation, they will compete over the available
binder.19 For given Si, CB and binder amounts, the
Si–CB–binder SSA-ratio and, thus, the binder coverage on
those particles remains the same for all composites in the series.
As a result of the higher surface energy of the nanoparticles, it is
expected that the binder interacts predominantly with these. The
strength of the interaction further depends on the surface
properties (e.g. the zeta-potential58) of the particles (i.e. Si
particles: native SiO2 layer; CB: hydrophobic, with polar
surface groups). This can be seen for instance in the formation
of more resilient Si–binder networks during the slurry preparation and drying process in the presence of organic acids at low
pH.20,59,60 Because the major SSA fraction in blends with 5 wt%
Si still falls on graphite (Table III), some degree of binder
redistribution is expected (but most likely to be minor).
Electrodes comprising 75 wt% graphite and 20 wt% silicon.—
The differences between various types of graphite become more
apparent when the Si content is increased. In Fig. 3, the discharge
capacities and the C.E. are shown for electrodes containing 20 wt%
Si and 75 wt% graphite (KS6L, SFG44 or Actilion1). The KS6L
sample stands representative for samples containing graphite with
small particle sizes, as based on the results of the previous section,
similar electrode morphologies and electrochemical behavior were
to be expected from corresponding SFG6L–Si electrodes.
Actilion1 suffers from rapid fading from the very beginning,
while both SFG44 and KS6L show higher initial discharge capacities
than Actilion1. However, when the capacity retention of each
formulation is calculated with respect to the ﬁrst-cycle discharge
capacity, all samples end up at relatively similar values after 100
cycles, with capacity retentions of 80.7% (KS6L), 76.2% (SFG44)
and 75.5% (Actilion1). The faster initial fading of the Actilion1–Si
blend in this series could be partly ascribed to the higher electrode
density of this formulation, which is, with an average density of
0.91 g ml−1, higher by 0.22 g ml−1 than the corresponding
SFG44–Si blend and by 0.29 g ml−1 higher than the KS6L–Si blend
(Table I). If the electrode density is expressed in terms of electrode
porosity, it can be noted that between an electrode density of
0.65 g ml−1 (ca. 70% porosity) and 0.9 g ml−1 (ca. 60% porosity),
there is a porosity difference of only 10%. However, even such small
differences have been reported to adversely affect cycle life of Si
electrodes.19,61
Differences in cycle life, i.e. the point at which accelerated
capacity fading occurs, are likely to be a result of variations in mass
loadings between different formulations and the effective electrode
SSA. Even small differences in mass loading can have an profound
effect on the onset of capacity fading in these electrodes, as the FEC
electrolyte additive is used up at different times.8,15,24,25,39 More
important than the actual mass loading is the effective electrode
SSA, that is, the electroactive surface area (EASA). It determines
how much electrode surface needs to be covered by the SEI layer
and, therefore, how much of the additive it will consume for its
formation. For the current discussion, the precise onset of rapid
electrode breakdown is not crucial, as the results unambiguously
show that a strong capacity fade is to be expected as the Si content is
raised. A drop in capacity from 1000 mAh g−1 to 800 mAh g−1
corresponds to the often-reported capacity-loss threshold for batteries of 80%. For the graphite–Si formulations used in this study,
with 20 wt% Si content, this threshold would be reached already
after 100–125 cycles (for SFG44- and KS6L-containing electrodes)
and even earlier, after less than 50 cycles, for the Actilion1
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formulation. Any full-cell would break down after only very few
cycles, making it of little practical use.
The ﬁrst-cycle C.E.s lie in a narrow range from 88.2% (KS6L) to
90.3% (SFG44). The mean C.E. values and corresponding standard
deviations are given in Table IV. Surprisingly, the ﬁrst-cycle C.E.
values are in general higher with 20 wt% than with 5 wt% of Si,
while one would expect an opposite trend with increasing Si contents
(and thus the electrode SSA). Table IV shows that the graphite
contributes only 10%–20% to the total SSA in blended electrodes
with large graphite particles (an increase in SSA of ≈10–11 m2g−1
compared to the samples presented in Table III), whereas in the
KS6L–Si electrode still about half of the SSA originates from the
graphite (an SSA increase of 8.52 m2g−1). One issue with the
correlation of the SSA with the C.E. is the fact that the SSA given in
Tables III and IV are estimations based on the SSA of the individual
electrode components. In a previous publication, our group determined that the EASA is in fact 2–3 times smaller than the SSA.62
Therefore, the SSA merely marks the maximum surface area.
Following the general argument that the C.E. depends on the
EASA,28 it would appear that despite larger amount of nanoparticles,
the EASA has decreased.
In a similar experimental series, it was observed by Wetjen et
al.31 that the C.E. did not change signiﬁcantly with increasing Si
content. In their samples the SSA increased with Si content from 12
m2g−1 (20 wt% Si) to 26 m2g−1 (60 wt% Si). That is, with respect to
the SSA of the formulations, the C.E. per area seems to decrease
with increasing SSA. To explain this counterintuitive behavior, the
authors suggested to compare the formulations in terms of SSA per
capacity unit (m2 Ah−1), which was constant for all electrodes.
However, this ratio does not seem to be constant in our setup for
electrodes with the same active materials but different Si contents.
Instead, we suspect that the SSA is smaller than anticipated because
of Si agglomeration. These agglomerates can be viewed as
secondary particles, where the number of particle–particle contacts
is higher and the surface exposed to the electrolyte is effectively
reduced.
The dQ/dE maps (Fig. S-4d) show a stronger polarization during
lithiation and delithiation, when 20 wt% Si is used in the graphite–Si
blends. The dQ/dE lithiation peaks have shifted below 100 mV and
the slopes are steeper than in formulations with only 5 wt% Si. In the
region between 150–250 mV vs Li+/Li, the alloying reaction of Si is
now visible due to the higher Si fraction. During the delithiation, the
conversion of the crystalline Si phase dominates the dQ/dE maps. As
this peak fades, an almost linear sloping proﬁle of the delithiation
process remains,15 exhibiting no distinct dQ/dE peaks. In addition,
the higher delithiation rate reduces the intensity of dQ/dE peaks even
more.
Compared to the cross-section of the KS6L–Si, the electrodes,
containing large graphite particles with 20% of Si, show a
considerably different structure (Fig. 4). In the KS6L formulation,
a lot of the additional Si has accumulated in larger domains, while
only small fractions of Si are embedded in the surrounding graphite
matrix (Fig. 4a). When the particle size is increased and the overall
content of graphite decreased, such as in electrodes containing either
SFG44 or Actilion1, an “inverse morphology” is generated, where
the much larger graphite particles are embedded into a matrix of Si.
It is worth noting that Wetjen et al.31 and Dose et al.63 observed
similar electrode morphologies using large graphite particles (T311
(ca. 20 μm, according to authors), SGL Carbon and MAGE (d50 =

23.5 μm), Hitatchi Chemicals, respectively) with Si contents in the
range of 15–20 wt%. This shows a strong dependence between the
graphite-particle size and electrode morphology. In these electrodes,
the distance between graphite particles is increased because more
and more volume is occupied by Si. The results are in accordance
with observations from the above-mentioned cross-section
analysis.31 The electrode morphology of electrodes containing large
graphite particles and high Si amounts could eventually compromise
the electrical conductivity of the electrode.
Comparing the cross-section images of electrodes with 20% of Si
to the ones of SFG44 and Actilion1 with only 5 wt% Si, it is
observed that the general particle alignment of the SFG44- and
Actilion1-particles has not changed when the Si content is increased:
in the SFG44–Si electrode the graphite particles are mainly
horizontally aligned, whereas the Actilion1–Si electrode has a larger
fraction of particles that are out of the electrode plane. This has an
impact on electrode properties, such as the tortuosity.
Moreover, the visible empty voids in the cross-section of the
SFG44–Si blends are greatly reduced with a Si content of 20 wt%. In
the Actilion1–Si blend, a larger void space is observed, as compared
to the SFG44–Si blend. This is somewhat counterintuitive, considering that the electrode density of the as-received (after drying)
formulations is higher for the former composition. However, Si
domains consist of nanoparticles, which themselves can generate a
considerable fraction of void space within the domains,63 which
could ultimately lead to an overall smaller electrode density as is the
case for the SFG44–Si blend. Unfortunately, this discussion leaves
room for speculation, as the cross-sections represent only a single
slice of the electrode coating. Tomographic data would be helpful to
gain a better understanding of the particle distribution and connectivity in these three-dimensional particle networks. Because of
the vastly different length scales of Si particles (tens of nm) and
graphite particles (tens of μm), it is challenging to probe with
currently available techniques a representative volume of the coating
with the required resolution for both materials.
Calendered electrodes.—Following the conclusion of the previous section that the SFG44–Si blend exhibits a denser electrode
morphology than the corresponding Actilion1–Si blend. In an
attempt to improve the performance of the latter, the electrode was
densiﬁed. The calendering process brings particles into closer
contact with each other, which improves the electron conduction
pathways during the electrochemical reaction. Furthermore, in a
pristine electrode, empty void spaces are reduced when the particles
are pressed closer together. However, densiﬁcation could be in turn
associated with a penalty for the ionic conduction, as the electrolyte
volume within the electrode decreases with the decreasing pore
volume. For the experiment, we have picked the KS6L–Si blend as
the reference electrode. Maximum electrode densities of up to
1.1 g cm−3 were achieved for formulations with 20 wt% Si.
Increasing the roll pressure or decreasing the gap further did not
yield denser coatings, which indicates the limit of the in-house
calender. For comparison, the electrode densities are reported in
Table I. Typical density after casting and drying is 0.6 g ml−1 for
KS6L-containing electrodes. Actilion1-blends exhibit higher densities to start with (Table I). Compared to the density of commercial
electrodes (up to 1.5–1.6 g ml−1),1 the electrode densities achieved
herein can be considered medium dense at best. The maximum
achievable electrode density decreased with increasing Si content.

Table IV. Electrode compositions.
Sample
3
7
10

Graphite type

Graphite:Si

SSAgraphite m−2 g−1coating

SSASia) m−2 g−1coating

Total SSA m−2 g−1coating

C.E., 1st cycleb)

KS6L:Si
SFG44:Si
Actilion1:Si

75:20
75:20
75:20

13.65
3.38
2.03

15
15
15

28.65
18.38
17.03

0.881 (±0.006)
0.896 (±0.010)
0.904 (±0.012)

a) assuming a SSA of 75 m2g−1. b) mean C.E. and standard deviation (1σ) determined in four experiments.
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Figure 4. SEM cross-section images of graphite–Si electrodes (w/w = 75:20), containing KS6L (a), SFG44 (b) and Actilion1 (c).

Both graphite and nanoparticles display spring-back behavior, which
can cause a relaxation of the compressed electrodes. The comparison
of the cycling results between calendered and uncalendered samples
in Fig. 5 demonstrates that even a small increase in the electrode
density can have an adverse effect on capacity retention.
The initial discharge capacities of the calendered electrodes are
lower than those obtained for the corresponding uncalendered
samples. The Actilion1–Si blend loses more capacity on the initial
cycles than the KS6L–Si blend, meaning that with the smaller KS6L
particles more capacity can be retained on the ﬁrst cycles. This result
can be explained mechaniscally in the context of different electrode
morphologies, graphite particle size and inhomogeneous particle
distributions.
Both electrodes exhibit relatively large areas of agglomerated Si
particles. Small graphite particles, such as KS6L surround these
areas without forming larger voids in the coating. Figuratively
speaking, it is less difﬁcult to surround agglomerated areas with a
large number of small particles than with a small number of larger
particles. This will also impact the capability of compensating
volume changes in these domains, since small particles will be
able to respond more ﬂexibly to the stress by reorientation to
expanding areas. Horizontally aligned particles could further rearrange volume changes by sliding against each other (after all,
graphite is a commonly used component in lubricats; Scheme 1).
This can be an advantage when the distribution of the active
materials is inhomogeneous and one component exhibits a much
larger expansion coefﬁcient than the other, since build-up of internal
stress can be reduced. This is partly reﬂected in the rapid capacity
fade of Actilion1 blends. In case of a calendered electrode, there is
additionally less void space available that could buffer the expansion
of Si domains. For (graphite-free) Si electrodes, there is a strong
correlation between electrode porosity and cycle life.61 In addition,
“breathing effects,” speciﬁcally Si particle movements and redistributions under repeated volume changes,21 in a denser electrode
environment could lead to faster disintegration of electrode.
Therefore, such coatings may endure higher internal stresses leading
to faster detrimental morphological changes and associated rapid
capacity fade. This is generally in accordance with earlier ﬁndings
by Gómez-Cámer et al.,38 showing larger volume changes of
graphite–Si blends that contained a graphite type with larger particle
sizes. One can only speculate that this problem is ampliﬁed by
increasing the Si content. Simulations suggest that locally induced
stress, for instance due to heterogeneous volume changes within the
electrode, may adversely affect transport properties of adjacent

Figure 5. Comparison between the capacity fade of calendered (open
symbols) and uncalendered (full symbols) electrodes for graphite–Si blends
consisting of KS6L:Si (blue) and Actilion1:Si (black) with Si contents of
20 wt%.

domains as well, and thus making the problem even more
severe.40 In the above comparison between Actilion1 and KS6L
blends, this appears to be one of the main reasons for the fast initial
capacity fade of the Actilion1–Si blend. Because of the rapid initial
degradation, the rate of capacity fading slows down, while in the
KS6L–Si blend the degradation occurs in smaller steps over more
cycles, leading to an overall steeper fading slope of the capacity
proﬁle. In more general terms it can be stated that calendering has an
adverse effect on the capacity retention of graphite–Si blends.
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Scheme 1. Sketch of different responses of a graphite matrix towards a
volume expansion of the enclosed Si domain in a graphiteSi blend (small
graphite particles, a, vs large graphite articles, b).

As a side remark, it was observed that the calendered electrodes
had a delayed onset of electrode failure (the point at which the
capacity starts to decrease rapidly), which we attributed to the
decrease of electroactive surface area after densiﬁcation and the
correspondingly reduced rate of electrolyte additive consumption.
Blends of small and large graphite particles.—As mentioned
previously, KS6L and smaller graphites are commonly used as
conductive additives in cathodes compositions,33 rather than as the
main active material. In the present study, these particles performed
best in combination with small fractions of Si. Larger graphite
particles, which are typically used for negative electrodes, performed
rather poorly in graphite–Si electrodes when the Si content reached
20 wt%. In case of Actilion1, a faster capacity fade was observed
even for low Si content of 5 wt% (Fig. 1). In addition, we tested
blends comprising of the two SFG graphites with 5 and 20 wt% Si,
respectively. SFG44 and SFG6L were mixed in a ratio of 8:1 by
weight (from here onwards referred to as “SFG blends”). The
motivation to test this blend was to reach a smaller electrode SSA
than in the KS6L–Si blend while maintaining the high capacity
retention and improving the particle distribution of the graphite–Si
blends by increasing the ﬁne-fraction of the graphite powder. The
performance of these SFG blends was compared to the corresponding single-graphite formulations. The cycling data is shown in
Figs. 6a and 6b.
For the SFG blend containing 5 wt% Si, the discharge capacity
and capacity retention are slightly improved with respect to the
corresponding KS6L–Si electrode. In terms of discharge capacity,
the SFG blend follows the behavior of the individual SFGcontaining electrode formulations (Fig. 1). In the direct comparison
of SFG44:Si (90:5) and the SFG blend (Fig. 6a), the discharge
capacities coincide and the capacity retention is similar as well. The
ﬁrst-cycle C.E. shown in Fig. 6b has increased by about 7% (KS6L:
Si, w/w = 90:5) to 90.6% (±0.012) (mean C.E. over four experiments), which is only slightly lower than the C.E. of the SFG44:Si
(90:5) formulation (Table III).
When the Si content is increased to 20 wt%, the initial discharge
capacities of the SFG blend and the KS6L electrode are similar.
However, after only a few cycles, the discharge capacity of the
electrode with SFG blend drops signiﬁcantly. After around 50
cycles, the capacity fading slows down. In contrast, the KS6L–Si
electrode retains initially more of its capacity, but over the course of
≈125 cycles, both electrode formulations approach similar capacity
values. At this point, rapid cell failure sets in for the KS6L–Si
electrode, presumably due to a lack of FEC in the electrolyte. The
SFG blend behaves differently at the onset of cell failure and shows
scattered capacity values, which has been ascribed previously to
short-circuits due to dendrite growth.64 Interestingly, when the
performance of the SFG blend is compared to the SFG44:Si
(75:20) formulation, the electrode shows identical features regarding

the capacity fade. The difference between the two formulations is
merely the initial discharge capacity of approx 50 mAh g−1 for the
SFG44:SFG6L:Si (67:8:20) formulation. As shown in Fig. S-4,
curves coincide, when the data of the SFG blend is shifted by this
initial capacity difference (the same applies to the C.E., Fig. 6d).
The ﬁrst-cycle C.E. of 88.3% for the SFG blend is smaller than
the value for the SFG44 electrode, but similar to the KS6L electrode
(the two points lie on top of each other in Fig. 6d). With exception of
the initial C.E., the SFG blend follows the behavior of the
corresponding SFG44 formulation, as in the previous case with
5 wt% Si. The fact that a signiﬁcant drop in capacity can be noted in
both cases after about 15 cycles demonstrates that this drop is
associated with the presence of larger graphite particles. This
capacity loss coincides with a distinct minimum in the C.E. of the
formulations comprising both SFG44 and the SFG blend (Fig. 6d).
This feature is less pronounced in the KS6L-containing formulation.
This C.E. minimum means that in these cycles considerably more
active material has been lithiated than delithiated. A likely origin is
particle disconnection and an accompanying loss in cyclable active
material. The disconnection is presumably related to particle
rearrangements, which have been reported for pure Si anodes as a
result of the expansion/contraction behavior of Si.21 A rather sudden
drop in the discharge capacity could indicate that in course of the
rearrangement some of the active material is rendered inactive.
As for the previous electrode formulations, cross-sections have
been prepared from the new electrodes (Fig. 7). In comparison to the
cross-section images of the SFG44–Si electrode (90:5) in Fig. 2, one
can see that a good part of the previously observed empty space
generated by the large graphite particles has disappeared, owing to
the presence of the smaller SFG6L particles. The electrode still
exhibits agglomerated Si domains of several microns in length and
width, but they do not seem to affect the capacity retention. This
result is in accordance with the results shown in Fig. 1, where the
SFG44–Si electrode performs as well as the formulations with the
smaller graphites KS6L or SFG6L. In the case of electrodes with
20 wt% Si, the typical domain formation of Si can be observed, as
shown earlier for the other graphite–Si formulations (Fig. 4). It can
be noted that, compared to the SFG44:Si (75:20) formulation, the
graphite particles in the SFG blend appear less aligned horizontally
(Fig. 7), which could be one reason why the electrode performance
is inferior to that of the original two-component formulation
(Fig. 4b) in the cycling test. A positive aspect from the addition of
a fraction of small particles is seen in Fig. 7f, where smaller graphite
particles are embedded in the Si matrix. On the other hand, the
supposedly improved particle distribution is reﬂected neither in an
improved initial discharge capacity (as in the case of 5 wt% Si) nor
in better capacity retention.
Conclusions
In electrode blends comprising graphite and Si, graphite takes on
the role as both active material and conductive additive. The material
requirements for an active material (e.g. small surface area) and a
conductive additive (e.g. low electronic resistivity) can be quite
different in nature. We have looked into several graphite properties,
such as particle-size, particle-size distribution, conductivity, crystallinity and surface area. In contrast to a previous study,23 our results
demonstrate that larger graphite particles are not necessarily leading
to worse performance (case of SFG44) than formulations with
smaller particles (KS6L), despite a more inhomogeneous distribution
of the electrode components. Here, a broader particle-size-distribution helps to achieve equally good capacity retention with an overall
larger graphite particle-size due to the ability of the ﬁne fraction of
the graphite to penetrate into the agglomerated Si domains, ﬁlling
part of the void space created by the larger particles.
In the presence of only 5 wt% Si, large Si domains are found
between the large graphite particles, which are potential spots of
increased stress and strain during the expansion of Si upon lithiation.
A more homogeneous material intermixing was achieved only when
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Figure 6. Comparison of the electrochemical performance between graphite–Si electrodes with KS6L and SFG44 as the sole graphite component and a graphite
blend containing both SFG44 and SFG6L (w/w = 8:1). (a) and (c) galvanostatic cycling and (b) and (d) C.E. The Si content was either 5 (a), (b) or 20 (c), (d) wt
%.

graphites with smaller particle sizes were added to the electrodes.
When the Si content is raised to 20 wt% and the graphite dimensions
are in the range of tens of μm, the electrodes show an “inverse
morphology,” where the Si-fraction forms the electrode matrix with
embedded graphite particles (graphite in silicon). This is in stark
contrast to electrodes containing smaller graphite particles, such as
KS6L, where the main matrix is still provided by the graphite
fraction (silicon in graphite), but which does not prevent Si
agglomeration. The comparison between two different graphites
with larger particles sizes, SFG44 (d90 < 48.4 μm) and Actilion1
(d90 < 28.8 μm), shows that a broad particle-size distribution alone
is not the only parameter that is decisive for the performance of the
electrode. SFG44 showed a clear horizontal alignment for the largest
fraction of the graphite. The morphology of Actilion1-Si electrodes
had a tendency to form larger void spaces with a more random
particle orientation. The morphological differences are also a result
of the rheological properties of the electrode slurry and the drying

conditions of the coatings, which can be partly linked back to the
graphite properties as well.
Densiﬁcation of electrodes in order to mitigate adverse porosity
effects resulted in signiﬁcantly lower initial discharge capacities and
poorer capacity retention. An improvement in Coulombic efﬁciency
was achieved by blending a fraction of small graphite particles with
a large type. The graphite blends did not change the capacity
retention, when compared to electrodes with a single graphite type.
On the long term, the consumption of FEC is reduced resulting in
higher Coulombic efﬁciency, which is expected to prolong the cycle
life.
Acknowledgments
The authors acknowledge ﬁnancial support by Innosuisse (project
number 18254.2).

Journal of The Electrochemical Society, 2020 167 100535

Figure 7. Cross-section micrographs of graphite–Si electrodes containing a blend of SFG44 and SFG6L (w/w = 8:1) and Si nanoparticles with 5 wt% Si (a)–(c)
and 20 wt% Si (d)–(f), respectively.
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